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ABSTRACT
Experimental Optical Pulse Picker for Lawrence Livermore National Lab
Alexander Wargo

Optical Pulse Picking is the action of reducing the Pulse Repetition Frequency (PRF) of a
train of optical pulses by periodically varying the transmission of an optical modulator through
which the pulses are propagating. This process is most often used to lower the repetition rate of
mode-locked lasers for generating high power, ultrashort pulses. Another less common
application for optical pulse pickers is in the backend of photonic data processing systems.

In this Thesis, I outline the steps taken to design, build, and test a novel pulse picker
system that could be implemented in a proprietary photonic data processing system being
developed at Lawrence Livermore National Lab. The system uses a Harmonic Arbitrary
Waveform Generator (HAWG) to drive an optical modulator, a pulse picker topology that had
never been built before. I describe the steps taken to perform an initial investigation into expected
system performance and determine optimal harmonic amplitudes and phases for synthesis. Next,
I describe the steps taken to design and build the HAWG system and combine it with the optical
modulator to form the optical pulse picker. Next, I describe the steps taken to design and build the
auxiliary optical and electronic system that facilitated tuning the HAWG as well as evaluating the
performance of the optical pulse picker. Finally, I present my results for the performance of the
optical pulse picker and report an extinction ratio of greater than 30 dB.

Keywords: Optical Pulse Picking, Arbitrary Waveform Generation, Mode-Locked Laser, Fiber
Optics, Photonics, High-Frequency Electronics
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Chapter 1
INTRODUCTION
While interning at Lawrence Livermore National Lab for the Ultrafast Optical and
Electronic Systems Group in the Micro and Nano Technologies Section of the Materials
Engineering Division of the Engineering Directorate, I was tasked with theorizing, designing,
building and testing a novel optical pulse picker topology that utilizes a Harmonic Arbitrary
Waveform Generator (HAWG) as the electronic driver for the Electro-Optic Modulator of a pulse
picker. A HAWG is an electronic system that sums together discrete harmonic tones to
synthesize an arbitrary periodic waveform. In this case, I used the HAWG to synthesize a
waveform to drive the Optical Modulator of a pulse picker. A HAWG offers unique advantages
over other arbitrary waveform techniques that make it ideal for this application. The main
advantage is that the waveform is easily tunable, even at high frequencies. Additionally, the main
disadvantage of a HAWG, the high number of harmonics (#H) required to generate some signals,
would not be a problem in this application due to the periodicity and relative spectral sparsity
required of the generated signal.
The main objectives of this project were as follows. First, we wanted to investigate
whether we could achieve the waveform we desired with a reasonable number of harmonics and
how the number of harmonics and the pulse picking ratio would affect the performance of the
pulse picker. For this I performed a series of matlab simulations to study what extinction ratio and
drift tolerance we might be able to achieve for different combinations of harmonics and pulse
picking ratios. The next objective was to use the results of these simulations to choose an
interesting number of harmonics and picking ratio for me to build a system to support. After
designing and building a system with the chosen number of harmonics and for the chosen picking
ratio, I needed to design and build a testing system that would be used to assist with tuning the
HAWG as well as to measure the performance of the pulse picker. Finally, I used my testing
system to measure the performance of the HAWG Electronic Driver Pulse Picker.
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1.1 Optical Pulse Picking
Optical pulse picking is the process of altering the repetition rate of an optical pulse train.
This is typically done periodically to reduce the pulse repetition rate of a pulse train by some
integer number.
The most common example of optical pulse picking implementation is when high energy
ultra-short pulses are required. One way these pulses can be generated is by amplifying a pulse
from a mode-locked laser. These pulses can only be generated at fixed periodic frequencies
related to the cavity of the laser that are much higher than a high-power optical amplifier can
support. To amplify a single pulse up to high energy levels, pulse picking prior to the optical
amplifier will typically be required so that the amplifier can supply sufficient energy. Another way
high energy pulses can be generated is with a cavity-dumped laser. This method is similar to
pulse picking a mode-locked laser into an optical amplifier, but instead the pulse picking is done
on the pulses while they are still in the resonating cavity. The pulse picker will be designed to
have as low insertion loss as possible. It will couple every Nth pulse out of the cavity and
otherwise allow the pulse to continue resonating through the laser’s amplifying substrate, allowing
it to build up high power before being released again by the pulse picker. High power, ultra-short,
optical pulses are often used for ablation of solids, i.e. laser etching, femtosecond Laser Induced
Breakdown Spectroscopy, and laser driven particle accelerators [1].
Another, less explored, application of optical pulse picking is in optical communication
systems. Pulse picking is essentially time-domain demultiplexing and in an optical communication
system, when information encoded in the frequency content of the optical pulses, time-domain
demultiplexing the pulses and channelizing the backend can improve the overall bandwidth of the
system when a dispersive special Fourier Transform is used to decode the signal. This will allow
for more dispersion to be used before inter-symbol interference occurs between the pulses
because after pulse picking the time between each pulse increases. The exact application at
LLNL is proprietary but understanding that this system was designed to time-domain demultiplex
the optical pulse train of an optical communication system is all that should be required to
appreciate the effectiveness of this new optical pulse picker design.
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1.1.1 Optical Pulse Picker Topology
Pulse pickers are typically composed of two main components. The first component is the
Optical Modulator. This is the device that uses an electrical signal to control the transmission of
an optical signal. The second component is the Electronic Driver. The Electronic Diver generates
an electronic signal to control the transmission of the Optical Modulator. Figure 1 shows the highlevel block diagram of a pulse picker acting on a periodic optical pulse source with the two major
components being the electronic driver and the optical modulator.

Figure 1: An optical pulse picker (within green dotted box) acting on a periodic optical pulse
source. This figure shows the main components of a general optical pulse picker to be the
electronic driver and the optical modulator. The electronic driver must be synchronized with the
pulse source that will be picked.
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1.1.1.1 Optical Amplitude Modulator
The Optical Amplitude Modulator is the device in the Optical Pulse Picker that uses an
electronic signal to control the amplitude of the optical signal. The most important specification for
an Optical Amplitude Modulator in the context of Pulse Pickers is the bandwidth of the modulator.
The bandwidth of the modulator defines how fast the modulator can modulate the optical signal
and limits the maximum frequency of the electronic driver signal that can be applied to its
electronic input with good results. There are a few different types of Optical Modulators that use
different types of physical phenomena to modulate the transmission of an optical signal. Some of
the types that have been used in the past for Optical Pulse Picking are Electro-Optic Modulators,
Acousto-Optic Modulators, and Interferometric Modulators. Any fully realized Optical Modulator
product utilizing one of these effects will be controlled by an Electronic Signal. The required
speed of the Optical Modulator in a pulse picker will be determined by the pulse repetition
frequency of the incident optical pulse train.
An Electro-Optic Modulator uses the electro-optic effect of a Pockels cell. A Pockels cell
is an electro-optic crystal through which light can propagate. By applying a varying voltage across
the crystal, and therefore a varying electric field through the crystal, the phase delay in the crystal
can be modulated. With the proper orientation of the electric field, the Pockels cell can be used to
modulate the polarity of the propagating light. When combined with a polarizer the polarity
modulating Pockels cell becomes an electro-optic amplitude modulator.
The bandwidths of these EO Modulators are typically on the order of several hundred
megahertz, meaning that pulse rates above this amount cannot be effectively pulse picked by this
modulator. To improve the bandwidth while still utilizing the Pockels cell effect, travelling wave
EO Modulators can be used. These modulators have a traveling voltage wave moving along with
the optical signal and can improve the bandwidth of a modulator using a Pockels cell by up to
several gigahertz.
Acousto-optic modulators, also called Bragg cells, use an electrical signal to control a
pair of piezoelectric transducers. These transducers produce a sound wave through which the
optical signal will propagate. The variation in air density will produce a grating that will cause the
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optical beam to be diffracted through the process of Bragg Diffraction. Without excitement of the
piezoelectric transducers the beam will pass through unhindered, but with sound waves present
the signal will be diffracted into a beam dump. In this way, the Acousto-optic modulator modulates
the amplitude of the incident signal. AO Modulators are even slower than EO Modulators, but
they are relatively power efficient [2].
One more common optical modulator is the Interferometric Modulator. This modulator
uses an interferometer with a modulated phase shift on one arm of the interferometer to modulate
the amplitude of the signal once they are combined back together [3]. The phase shifter is
typically a traveling wave Pockels cell that utilizes phase shifting as opposed to polarization
shifting to produce its amplitude modulation effect, increasing the effective bandwidth of the
amplitude modulator. This is the type of modulator that I used in my pulse picker because it offers
very high bandwidth, up to 20 GHz, and high extinction ratio, up to 40 dB. An important result of
this type of modulation is that the transmission is a sinusoidal function of the input control voltage.
𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 0.5 ∗ (1 − cos (𝜋

𝑉𝑠 −𝐷𝐶𝑏𝑖𝑎𝑠
𝑉𝜋

)) (1)

Equation (1) shows the equation used to calculate the transmission of the interferometric
modulator where Vs is the voltage of the electronic signal controlling the modulator, DC bias is
the amount that the sinusoidal transfer function is shifted, and Vπ is half the voltage period of the
voltage to transmission transfer function. To calculate the total transmission from this equation
would just require including the inherent optical insertion loss of the device, which in the case of
the specific modulator that I will be using is specified to be 4 dB. The Vπ is frequency dependent
and will therefore have a different value for each harmonic in my system.

1.1.1.2 Electronic Driver
The electronic driver of an optical pulse picker is the electronic circuit that controls the
modulation of the optical amplitude modulator. It is sometimes referred to as an RF Driver as a
simple way to differentiate it from optical system components, but I will be referring to it by the
more accurate name, electronic driver, which does not imply an operational frequency bandwidth.
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The electronic driver of an optical pulse picker is where most of the engineering is
required to improve the functionality of an optical pulse picker. The optical amplitude modulator
must have a high bandwidth, but the electronic driver will be the limiting factor in all other key
pulse picker specifications. The electronic driver must be synchronized with the optical pulse train
to ensure that each pulse receives the desired attenuation by the optical amplitude modulator.
The electronic driver of an optical pulse picker can be made of different electronic
waveform generators, depending on the requirements of the pulse picker that is being designed.
For low picking ratio pulse pickers, an electronic pulse generator is usually sufficient. Electronic
pulse generators can generate very short pulses, but they typically offer low repetition rates.
Another type of electronic waveform generator that can be used is a digital to analog arbitrary
waveform generator. This waveform generator performs well at low frequencies, but as the bit
rate increases across available instruments, the current achievable bit depth will decrease and
limit the extinction ratio of the pulse picker.

1.1.2 Key Specifications of Optical Pulse Pickers
There are three main specifications that define an Optical Pulse Picker and influence
considerations that need to be made for their design. The first specification is the speed of the
Optical Pulse Picker. This is determined by the repetition rate and the picking ratio (PR). The next
specification is the extinction ratio. This defines how well the Pulse Picker blocks the undesired
pulses and transmits the desired pulses. The last specification that I will be focusing on is the drift
tolerance of the Pulse Picker. This is defined by the shape of the electronic driver waveform and
defines how much the optical pulse train could drift in time relative to the electronic driver
waveform and still achieve a high extinction ratio.

1.1.2.1 Input Repetition Frequency and Picking Ratio
The input repetition frequency and the picking ratio of an optical pulse picker are both
parameters that relate to the required speed of the pulse picker. The input repetition frequency of
a pulse picker is the input optical pulse repetition frequency that an optical pulse picker is
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designed to accept. This parameter places speed requirements on the bandwidth of the optical
modulator and on the electronic driver. The next speed related parameter of an optical pulse
picker is the picking ratio. The picking ratio is defined as the ratio between number of transmitted
pulses to the number of input pulses. It can also be defined as the ratio between the output and
input pulse repetition frequencies. This parameter places limitations on the electronic driver.
Figure 2 shows ideal input and output pulse trains for a ¼ picking ratio pulse picker. For low
picking ratios, electronic pulse generators can be used. However, at high picking ratios, these
pulse generators can no longer output high enough repetition frequencies with enough precision
to achieve high extinction ratios and are therefore unable to support high picking ratios.

7

Figure 2: Ideal input and output pulses for a ¼ picking ratio pulse picker. The purpose of this figure is to show
what the picking ratio of a pulse picker represents. This figure shows what a hypothetical input and output
optical pulse train for a perfect pulse picker could look like and does not show actual measured pulses. Based
on the input and output repetition frequencies, we can see that the picking ratio of this hypothetical pulse
picker is ¼.
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1.1.2.2 Extinction Ratio
For the purposes of this investigation, the extinction ratio of an optical pulse picker will be
defined as the ratio between the optical power of the picked pulse and the optical power of the
strongest blocked pulse. It is often expressed in decibels and can be seen in equation (2).
𝐸𝑅(𝑑𝐵) = 10 ∗ log(

𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑃𝑖𝑐𝑘𝑒𝑑 𝑃𝑢𝑙𝑠𝑒
𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑆𝑡𝑟𝑜𝑛𝑔𝑒𝑠𝑡 𝐵𝑙𝑜𝑐𝑘𝑒𝑑 𝑃𝑢𝑙𝑠𝑒

) (2)

Simply put, the extinction ratio is how well a pulse picker transmits the picked pulse and
attenuates the blocked pulses. Figure 3 shows an example input and output waveform and how
the extinction ratio would be calculated. The extinction ratio for this output pulse train would be
19.5 dB.

9

Figure 3: A possible output waveform from a simplified optical pulse picker in linear (top) and
logarithmic (bottom) scale. The purpose of this figure is to show how extinction ratio is calculated
and does not show actual measured pulses. Pulse amplitudes were arbitrarily chosen to
demonstrate this calculation. This figure shows that the ER is mainly influenced by the blocked
pulse with the least attenuation applied by the modulator.
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1.1.2.3 Drift Tolerance
The drift tolerance of an optical pulse picker is determined by the shape of the waveform
synthesized by the electronic driver. It measures how much the electronic driver could drift
relative to the optical pulse train and still achieve the desired extinction ratio. This specification is
especially important for optical pulse picking systems that do not have an active feedback loop to
account for path length variation between the optical and electronic paths, which mine will not.
Because of this, having a high drift tolerance will allow the system to be less sensitive to timing
variations between the optics and the electronics, mainly due to temperature dependent path
length drift of the fiber-optics. The drift tolerance of an optical pulse picking system will also affect
the width of the optical pulses that the system could effectively pick. With a high drift tolerance,
the high extinction of the modulator will occur for a longer period of time and will therefore be able
to accommodate wider pulses. The drift tolerance of an optical pulse picker is defined as the ratio
between the range of timing offsets that the pulses could line up with and still achieve the desired
extinction ratio and the pulse period of the input optical source to the pulse picker. Equation (3)
shows the definition of drift tolerance for an optical pulse picker that I will be using. For an
example of drift tolerance calculation using a MZM transmission plot, refer to Figure 7 in section
2.1.
𝐷𝑟𝑖𝑓𝑡 𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 (%) =

𝑇𝑖𝑚𝑖𝑛𝑔 𝑅𝑎𝑛𝑔𝑒 𝑤𝑖𝑡ℎ 𝐸𝑅>𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
𝑃𝑢𝑙𝑠𝑒 𝑃𝑒𝑟𝑖𝑜𝑑 𝑜𝑓 𝐼𝑛𝑝𝑢𝑡 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑃𝑢𝑙𝑠𝑒 𝑇𝑟𝑎𝑖𝑛

∗ 100

(3)

1.2 Project Objectives and General Approach
For a proprietary optical data processing project ongoing at Lawrence Livermore National
Lab, it was determined that a high speed optical pulse picker could be useful. The team working
on this project had tried utilizing digital electronic circuitry to design the high speed electronic
driver that would be required to achieve the desired pulse picking requirements. The objective of
my work was to investigate the feasibility of a new type of electronic driver topology and
determine if it could be used for the optical data processing project. The specifications of the
pulse picker were flexible, but we knew that the input repetition rate would be 12 GHz and that we
wanted to get as high of an extinction ratio as possible.
11

1.3 Test Equipment Used
The completion of this study required the use of many electronic and optical devices. The
pulse picker itself, combined with the testing system was composed of many valuable electronic
and optical components and test and measurement equipment. This project could not have been
completed without the resources offered to me by LLNL while performing this work. The
electronic test equipment used included an electronic spectrum analyzer, oscilloscope, vector
network analyzer, power meter, and DC power supplies. The optical test equipment included an
optical spectrum analyzer, a 1GHz pulse repetition frequency mode-locked laser, and power
meter.
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Chapter 2
PULSE PICKER SIMULATIONS
The first step in the development of the HAWG electronic driver was to simulate the
addition of voltage waves and calculate the corresponding transmission that the optical modulator
would impart on the pulses. This was done to investigate the ideal characteristics of the waves
that would be synthesized by the HAWG RF Driver. The results from these simulations would
help us determine what picking ratio and number of harmonics the RF Driver should be designed
to have. After these specifications were determined, the simulations would additionally indicate
the ideal harmonic amplitudes and phases generated by the HAWG to produce the greatest
extinction ratio and drift tolerance in the system.
The objective of simulating the Pulse Picker was twofold. Firstly, to choose an interesting
picking ratio and number of harmonics for this first realization of a HAWG Pulse Picker that I
would be building. Secondly, to determine the optimal method for calculating individual harmonic
amplitudes and phases and to determine those values that would influence the design of the RF
system.
The electronic waveform shape simulation was realized in MATLAB by summing together
the harmonics that were being tested. The quality of each generated waveform would be
determined by calculating its extinction ratio and drift tolerance. I took three different approaches
to determining the harmonic amplitudes and phases that should be used. The first approach
calculated harmonic waveforms by using a truncated Fourier series for the ideal waveform that
corresponded to a specific picking ratio. With the information from this approach I decided to fix
the initial phases of all future harmonics to be 0 relative to each other. The second way attempted
to use maximization functions in MATLAB to optimize the amplitudes of the harmonics by
maximizing the drift tolerance of the waveform while maintaining an extinction ratio above a
chosen threshold. The final method for calculating the harmonic amplitudes came from using a
brute force sweep of the amplitude values for each harmonic tone.
To calculate the extinction ratio and drift tolerance of each waveform, I approximated the
width of each optical pulse to be infinitesimal, or ideal delta functions. In the actual system, the
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pulse widths from the mode-locked laser that I use are approximately 440 femtoseconds, or about
0.5% of the 83.3 picosecond pulse period of the 12 GHz pulse train that will be picked by the
system. Because my calculations assumed that all the energy of each pulse would be affected by
the same transmission in the modulator, the actual realization of the system will likely have a
worse extinction ratio and drift tolerance than expected. At the time of performing these
simulations, I did not know the expected pulse width of the laser pulses and opted to make this
delta function approximation. For the purpose of comparing one electronic driver waveform to
another, I decided that this approximation would likely be adequate, as well as being simpler and
faster to implement. The calculated drift tolerance gave an idea of how the driver waveform being
analyzed would perform for wider optical pulses. By optimizing the driver waveforms for drift
tolerance, calculated with delta functions as approximations for the optical pulses, I optimized the
waveforms for wider optical pulses as well. If absolute accuracy of the extinction ratio and drift
tolerance is required, simulating the width of the optical pulses would be necessary.

2.1 Truncated Fourier Series
The first method that I explored for calculating harmonics was to use a truncated Fourier
series of the ideal waveform that would be input to an EO modulator. For this investigation I used
a picking ratio of ¼. I chose this picking ratio because it is a high picking ratio that is comparable
to the actual system that I will be building. I was expecting that a truncated Fourier series would
have a limited drift tolerance due to ripple in the waveform that would show up from removing the
higher frequencies, also known as Gibbs Effect. If this problem appeared, then I would know that
it is likely a problem for any high picking ratio. The ideal RF Driver waveform for a picking ratio of
1:4 is a square wave with a 25% duty cycle, shown in Figure 4. This waveform would maximize
extinction ratio and drift tolerance.
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Figure 4: One period of the ideal electronic driver waveform for a ¼ picking ratio pulse picker.
The markers show the points that correspond to the optical pulses in a well-timed system. This
waveform maximizes extinction ratio and drift tolerance.

Using equation (2), the extinction ratio of this ideal waveform is ∞ because the power of
the max blocked pulse is 0. The added insertion loss of this ideal waveform is 0 dB because the
passed pulses are not attenuated at all. The drift tolerance of this ideal waveform is 100% when
the pulses are approximated to be delta functions, because the optical to electronic timing of the
pulse picker could drift by any amount and the extinction ratio would not drop below 40 dB.
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The Vπ of the Mach-Zehnder Interferometer is frequency dependent. Later, when I
calculated the actual desired tone strengths, I had to factor in the frequency dependence of the
Mach-Zehnder. For this part of the investigation it was not important for me to simulate the
frequency dependent transfer function of the specific Mach-Zehnder Interferometric modulator
that I would be using in the system. Assuming the Vπ to be constant across all frequencies would
still tell me if a truncated Fourier series could work to determine the desired harmonic strengths. It
was also not important to simulate on a realistic timescale. For these reasons, the amplitude and
time axes of this ideal waveform are both normalized.
The next step I took in finding the truncated Fourier series was to calculate the entire
Fourier series for the ideal RF driver waveform. To begin the process, I first defined the ideal RF
driver waveform. The definition of the ideal RF Driver waveform shown in Figure 4 can be seen in
equation (4).
𝐿

𝑓(𝑡) = [𝑢(𝑡) − 𝑢 (𝑡 − )]

(4)

2

Where u is the unit step function, and L is half of the output period. To find the Fourier
series of the ideal RF driver waveform I solved for the Fourier coefficients: a0, an, and bn. The
Fourier series representation of a periodic waveform is shown in equation (5) using k harmonic
tones. By solving for the Fourier coefficients of a periodic waveform, this equation is equivalent to
the waveform shown in Figure 4 when k = ∞.
𝑓(𝑡) =

𝑎0
2

+ ∑𝑘𝑛=1 𝑎𝑛 cos (

𝑛𝜋𝑡
𝐿

𝑛𝜋𝑡

) + 𝑏𝑛 sin(

𝐿

)

(5)

By using equations (6), (7), and (8), I solved for the Fourier coefficients of the ideal RF
driver waveform of a ¼ picking ratio pulse picker. Their values are shown in equations (9), (10),
and (11).
𝑎0 =
𝑎𝑛 =

2𝐿
∫ 𝑓(𝑡)𝑑𝑡
𝐿 0
1

(6)

2𝐿
2𝜋𝑡
∫ 𝑓(𝑡)cos( 𝐿 )𝑑𝑡
𝐿 0
1

𝑏𝑛 =

2𝐿
2𝜋𝑡
∫ 𝑓(𝑡)sin( 𝐿 )𝑑𝑡 (8)
𝐿 0
1

𝑎0 = 0.5
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(9)

(7)

1
𝑛𝜋

𝑛 = 1,5,9, …

𝑎𝑛 = { 0 𝑛 = 2,4,6, …
−1
𝑛 = 3,7,11, …

(10)

𝑛𝜋
1

𝑏𝑛 = {

𝑛𝜋
2

𝑛𝜋

𝑛 = 1,3,5, …
𝑛 = 2,6,10, …

(11)

0 𝑛 = 4,8,12, …
After calculating the Fourier series for the ideal RF Driver waveform for a ¼ picking ratio
pulse picker, I wrote a MATLAB script to visualize the waveform as the number of harmonics in
the summation was reduced. This allowed me to be sure that my calculation of the Fourier
coefficients was accurate. I also wrote a MATLAB function to find the expected transmission of
the MZM over time and calculate the expected extinction ratio and drift tolerance of the pulse
picker for the given electronic driver waveform. To calculate these values, I needed to include the
sinusoidal transfer function between input voltage and optical transmission of the Mach-Zehnder
amplitude modulator that I would be using for the pulse picker. For the purposes of this
investigation I used a Vπ value of 1 for all frequencies. My goal was to observe how the truncation
of the Fourier series would affect the anticipated extinction ratio and drift tolerance.
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Figure 5: One period of the ideal waveform (Figure 4) truncated down to 100 harmonics (yellow),
its contributing harmonics (various colors), and its DC component (blue). The various sinusoids
are the first 100 harmonics of the Fourier series of the ideal waveform shown in Figure 4. The
waveform labeled “Sum of Harmonics” is the resulting waveform from the summation of these
harmonics.

Figure 5 shows the synthesized waveform using the first 100 harmonics of the Fourier
series of the ideal electronic driver waveform for a ¼ picking ratio pulse picker shown in Figure 4.
This waveform was constructed by summing together the first 100 harmonics and the DC
component of the Fourier series representation of the ideal electronic driver waveform for a ¼
picking ratio pulse picker. The next step to determine the extinction ratio and drift tolerance of the
pulse picker that this driver waveform would achieve was to calculate the extinction ratio of the
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MZM using equation (2). The extinction ratio of the modulator is a distinct value from the
extinction ratio of the pulse picker and the two should not be confused. For this investigation I
used a Vπ that is constant as a function of frequency and a DC bias of zero. In later simulations I
had to include the fact that the Vπ is frequency dependent. This would simply be a scaling of the
harmonic amplitudes by the Vπ corresponding to their frequency, so it was not important at this
stage.

Figure 6: One period of the simulated transmission of an ideal MZM over time using the
synthesized waveform in Figure 5 as the electronic driver with markers indicating the points that
correspond to the transmission of the optical pulses in a perfectly timed system. The top plot is
scaled linearly, while the bottom plot is scaled logarithmically to show more detail at the low
transmission points.
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Figure 6 shows the simulated transmission of the MZM over time when the synthesized
waveform from Figure 5 is used to drive the modulator and the optical pulses are approximated
as delta functions. The markers indicate the points that correspond to the transmission of the
optical pulses in a perfectly timed system. From these points, the extinction ratio of the pulse
picker can be calculated using equation (2) to be 56.65 dB. This extinction ratio is what would be
achieved with an ideal modulator and would not be possible with the MZM I plan to use.
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Figure 7: One period of the simulated transmission of an ideal MZM over time using the
synthesized waveform in Figure 5 as the electronic driver with markers indicating the points that
correspond to the transmission of the optical pulses when the timing error first produces an
extinction ratio less than 40 dB. These marker positions were found by moving each marker to
the right by the same amount until the extinction ratio of the pulse pciker for that electronic to
optical timing configuration was less than 40 dB. Due to the symmetry of the waveform, the
extinction ratio of the pulse picker would drop below 40 dB for the same amount of timing shift to
the left.

From Figure 7 we see that when the timing drift between the electronic driver and the
optical signal is 0.0343 output periods in one direction, the extinction ratio will drop below 40 dB,
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which is the threshold value I am using for this drift tolerance calculation. Using the symmetry of
the driver waveform tells us that the timing range for ER greater than the threshold value of 40 dB
is 0.0686. The pulse period of the input optical train in this case is 0.25. Using equation (3) gives
us a drift tolerance value of 27.44%. This is slightly higher than the true value due to the time
resolution of my discrete time simulation.
These values of 56.65 dB extinction ratio and 27.44% drift tolerance are high.
Performance like this would require a perfect modulator and a system individually synthesizing
100 harmonics. A system like this would be extremely costly and inefficient. Next, I wanted to see
what characteristics might be achieved by a waveform with a more realistic number of harmonics.
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Figure 8: One period of the ideal waveform (Figure 4) truncated down to 4 harmonics (blue), its
contributing harmonics (orange, yellow, purple, green), and its DC component (dark blue). The
various sinusoids are the first 4 harmonics of the Fourier series of the ideal waveform shown in
Figure 4. The waveform labeled “Sum of Harmonics” is the resulting waveform from the
summation of these harmonics. Harmonic amplitudes = [0.4502, 0.3183, 0.1501, 0].

In Figure 8 I simulated the synthesis of the waveform that could be achieved by
truncating the Fourier series down to the first 4 harmonics. This waveform was constructed by
summing together the first 4 harmonics and the DC component of the Fourier series
representation of the ideal electronic driver waveform for a ¼ picking ratio pulse picker. Note that
the n = 4 harmonic is zero. The markers show the points corresponding to pulses in the incident
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optical pulse train. To calculate the extinction ratio and drift tolerance of this waveform I repeated
the procedure I followed for the 100 harmonic waveform and calculated the expected
transmission through the MZM.

Figure 9: One period of the simulated transmission of an ideal MZM over time using the
synthesized waveform in Figure 8 as the electronic driver with markers indicating the points that
correspond to the transmission of the optical pulses in a perfectly timed system. The top plot is
scaled linearly, while the bottom plot is scaled logarithmically to show more detail at the low
transmission points.
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The extinction ratio of the 4 harmonics waveform is only 19.1 dB, so the drift tolerance is
0 for a drift tolerance threshold value of 40 dB. The low extinction ratio of this waveform makes it
not viable as an RF Driver. Construction of a HAWG to support this waveform would be possible.
Only 3 harmonics would need to be generated due to the amplitude of the n = 4 harmonic being
zero. Unfortunately, the extinction ratio is too low using just the truncated Fourier series of the
ideal RF Driver waveform.

2.2 Modified Truncated Fourier Series
After investigating the potential transmission that could be expected of a Mach-Zehnder
Modulator with a truncated Fourier series waveform as its driver, I noticed a few parameters that
could be improved to potentially improve the drift tolerance of the waveform. The first parameter
that would likely improve the performance of the waveforms was the DC bias of the waveform. To
account for this, I would no longer use a DC bias value of zero when calculating the transmission
of the modulator using equation (1). The second parameter that I attempted to optimize was the
amplitude of each harmonic. To check if changing the harmonic amplitudes could improve the
drift tolerance of the waveform, I wrote a matlab script using a built in matlab function to tune the
amplitudes to achieve a maximum drift tolerance.
The first waveform parameter that I wanted to optimize was the DCbias of equation (1). I
noticed that the extinction ratio was mostly limited by the points on the wave corresponding to the
blocked pulses not being close to zero. To improve the extinction ratio, I tried changing the DCbias
used in equation (1) to the mean value of the minimum and maximum blocked voltage values
shown in Figure 8 so that it minimized the max of the blocked points transmission. This DC bias
value was equal to -0.051.
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Figure 10: One period of the simulated transmission of an ideal MZM over time using the
synthesized waveform in Figure 8 and a DC bias equal to -0.051 as the electronic driver with
markers indicating the points that correspond to the transmission of the optical pulses in a
perfectly timed system. The top plot is scaled linearly, while the bottom plot is scaled
logarithmically to show more detail at the low transmission points.

Figure 10 shows the transmission of the MZM over time with an optimized DC bias set to
equal the mean of the voltages at the blocked pulse points in Figure 3. Applying the DC bias
increased the extinction ratio to 30.35 dB but was still not able to achieve 40 dB extinction ratio.
The next parameters of the truncated Fourier series that I attempted to optimize were the
amplitudes of each harmonic. I was especially interested to see if the extinction ratio or drift
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tolerance of the waveform could be improved by setting the n = 4 harmonic to a non-zero value,
despite the ideal truncated Fourier series indicating that this value should be zero. I wrote a
matlab script using the matlab function “fminsearch” to try to find amplitude values to maximize
the extinction ratio of the MZM Transmission. The function found harmonic amplitudes =
[0.4627,0.308,0.1533,0].

Figure 11: One period of the simulated transmission of an ideal MZM over time using a waveform
with harmonic values = [.4627, .308, .1533, 0] as the electronic driver with markers indicating the
points that correspond to the transmission of the optical pulses in a perfectly timed system. The
top plot is scaled linearly, while the bottom plot is scaled logarithmically to show more detail at the
low transmission points.
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Figure 11 shows the MZM transmission vs. time for a waveform using harmonic
amplitudes that maximize the extinction ratio of the waveform. These amplitudes were found by
using the matlab function “fminsearch” to maximize the extinction ratio of the waveform. These
harmonic amplitudes were able to achieve an extinction ratio of 127.77 dB and a drift tolerance of
11.84%.
Next, I wanted to find out if tuning the 4th harmonic of the waveform could improve its
performance. I decided to manually tune the harmonic values to see if the drift tolerance could be
improved due to issues I was having with implementing the fminsearch algorithm. By manually
tuning the amplitude of the 4th harmonic I arrived at the harmonic amplitudes =
[0.4627,0.308,0.1533,0.07].
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Figure 12: One period of the simulated transmission of an ideal MZM over time using a waveform
with harmonic values = [.4627, .308, .1533, 0.07] as the electronic driver with markers indicating
the points that correspond to the transmission of the optical pulses in a perfectly timed system.
The top plot is scaled linearly, while the bottom plot is scaled logarithmically to show more detail
at the low transmission points.

Figure 12 shows the resulting MZM transmission achieved by tuning the amplitude of the
4th harmonic. These amplitudes were found by using the matlab function “fminsearch” to
maximize the extinction ratio of the waveform and then manually tuning the 4th harmonic to
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increase drift tolerance. The extinction ratio of this waveform was 148.54 dB and the drift
tolerance was 20.16%. This was an important result because it showed that even though the
truncated Fourier series would have the (1/PR)th harmonic equal to 0, better drift tolerance
results could be achieved if it had a non-zero amplitude.

2.3 Choosing a Picking Ratio and Number of Harmonics
After simulating the ideal waveform for a 1/4 picking ratio pulse picker and truncating its
ideal Fourier series down, we observed that a waveform with sufficient extinction ratio and drift
tolerance could not be found by simply setting the DC bias of the MZM to a value that minimized
the mean value of the maximum and minimum voltages at the transmission points corresponding
to the blocked pulses. After tuning the DC bias to maximize extinction ratio I next wrote a script to
optimize the amplitudes to achieve a maximum extinction ratio. I tried using the same matlab
function to maximize drift tolerance of the waveform but achieved better results by manually
tuning the amplitude values. Next, I wanted to employ these techniques for other picking ratios
and harmonic numbers to get an idea for what picking ratios and number of harmonics would be
interesting to build and test. I wrote a script to iterate the harmonic amplitudes and return the best
drift tolerance for each picking ratio and number of harmonics. The script worked by starting with
the truncated ideal Fourier series and then incrementing each harmonic amplitude until the
extinction ratio stopped improving, then incrementing each harmonic until the drift tolerance
stopped improving. The algorithm then repeats this process 3 times before returning a final drift
tolerance for each PR and #H as well as the harmonic amplitudes that produced this waveform.
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Table 1: Drift tolerance as a function of picking ratio and number of harmonics.

Table 1 shows the drift tolerance as a function of picking ratio and number of harmonics.
Each row corresponds to a specific picking ratio and each column corresponds to a specific
number of harmonics. The drift tolerance values were determined by finding the Fourier harmonic
series of the ideal waveform for the picking ratio and truncating its harmonic contents down to the
number of harmonics. The DC value of each waveform was optimized to maximize extinction.
The harmonic amplitudes were found using a matlab script that incremented harmonic amplitude
to find a local maximum drift tolerance. From this data we were able to make some interesting
inferences that would help us choose which picking ratio and number of harmonics we wanted to
build.
First, the maximum drift tolerance for a given picking ratio always occurred at PR = #H. I
think it is likely that this is a flaw with the algorithm I used because any waveform with additional
harmonics should be able to achieve the same extinction ratio or better as lower numbers of
harmonics by setting the additional harmonic amplitudes to 0. The problem with my code was that
it did not increment and decrement different harmonic amplitudes simultaneously, which lead to
local maxima being found instead of global maxima.
With these results my mentors and I decided that it would be interesting to see the
picking ratio of 1/3 constructed with three harmonics. We wanted to demonstrate the
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effectiveness of the HAWG electronic driver method to achieve high picking ratios as well as
demonstrate that it could be useful for their proprietary project. Additionally, we observed that
better extinction ratio could be achieved by including the harmonic number = 1/PR harmonic even
though the ideal Fourier series would have its amplitude set to zero.

2.4 Finding Ideal Amplitudes for PR = 1/3, #H = 3 System
Now that we had determined the picking ratio and number of harmonics that I would be
designing the system for I needed to calculate the exact amplitudes that I would need to
synthesize each harmonic to have. To do this, I first started with the harmonic amplitude values
for the PR = 3, #H = 3 system that I found in Table 1. These harmonic values were 0.5513,
0.2967, and 0.102. I manually tuned these values to find a best possible waveform.
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Figure 13: One period of the simulated transmission of an ideal MZM over time using the best 3harmonic electronic driver waveform for a 1/3 picking ratio pulse picker found, harmonic values =
[0.441, 0.237, 0.082], with markers indicating the points that correspond to the transmission of the
optical pulses in a perfectly timed system. The top plot is scaled linearly, while the bottom plot is
scaled logarithmically to show more detail at the low transmission points.

Figure 13 shows the best 3-harmonic electronic driver waveform that I could find by
manually tuning the amplitudes of its harmonic components. The amplitudes of the 1st, 2nd, and
3rd harmonics are 0.441 V, 0.237 V, and 0.082 V respectively. I also optimized the amplitude of
the waveform for a Vπ = 1 system by reducing the total amplitude so that the transmission of the
picked pulse in a well-timed system no longer reduces due to the peak-to-peak voltage of the
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waveform being greater than the Vπ of the sinusoidal voltage to transmission equation (1). This
may have reduced the drift tolerance of the system, but it improved the extinction ratio of the
system at perfect timing. The extinction of this waveform with perfect electronic to optical timing is
157.78 dB and the drift tolerance is 41.34%.
Next, I needed to calculate the actual waveform amplitudes that would be required for the
MZM that I would be using. Looking at the spec sheet of the MZM, I found two specifications
indicating the Vπ of the MZM.

Table 2: The Vπ specifications of the MZM that I would be using as the optical modulator for my
pulse picker system.

Table 2 shows the Vπ specification from the MZM data sheet. As the 50 kHz and 10 GHz
data points were the only data points I had available to me for the RF input, I used a linear
interpolation to estimate the Vπ at 4, 8, and 12 GHz. I estimated Vπ at 4 GHz to be 5.9, Vπ at 8
GHz to be 6.3, and Vπ at 12 GHz to be 6.7. Using these values, I scaled the amplitudes of the
best waveform harmonics from [0.441,0.237,0.082] V to [2.602,1.493,0.549] V. Converting these
voltage peak amplitudes for the sinusoidal harmonics to dBm in a 50 ohm system, the required
harmonic power levels are shown in Table 3.

Table 3: The power levels required for the harmonics out of the electronic driver and into the
optical amplitude modulator.
Harmonic 1 (4 GHz)

Harmonic 2 (8 GHz)

Harmonic 3 (12 GHz)

18.31 dBm

13.48 dBm

4.79 dBm
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Chapter 3
PULSE PICKER DESIGN
After determining the picking ratio that we would like the pulse picker to have and
determining the number of harmonics and the required power of each harmonic it was time to
design the HAWG electronic driver itself. I broke up the requirements that the HAWG electronic
driver would have to be able to achieve to generate the required waveform into three sections.
Firstly, the HAWG electronic driver would need to generate the three harmonics from a single
input tone. Secondly, the HAWG electronic driver would need to combine the three harmonics
into a single waveform and input the synthesized waveform to the optical amplitude modulator.
Finally, the HAWG electronic driver would need to individually control the amplitude of the three
harmonics and the phase of at least two harmonics.

3.1 Circuit Topology

Figure 14: A high-level block diagram of the HAWG electronic driver. The Harmonic Generation
section would synthesize and distribute the 4, 8, and 12 GHz harmonics. The three Amplitude
and Phase Control sections would each control the amplitude and phase of a single frequency
harmonic. The Harmonic Combination section would combine the three tuned harmonics into a
single electronic waveform to be used as the driver for the optical modulator.
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Figure 14 shows a high-level block diagram of the HAWG electronic driver. I broke the
block diagram into three main sections: the harmonic combination section, the amplitude and
phase control section, and the harmonic generation section. I planned to design the system
working backwards, calculating the expected power of each harmonic at each point in the system,
starting with the known amplitude values that I would be attempting to synthesize. I measured the
insertion loss of a 12” SMA cable that I would be using to connect the components to be
approximately 0.5 dB @ 4 GHz, 0.7 dB @ 8 GHz, and 0.9 dB @ 12 GHz, so I used these values
to estimate losses between components in the HAWG electronic driver system.

3.1.1 Harmonic Combination
The first subsystem of the HAWG that I planned was the harmonic combination section.
This system required the capability to combine the power of the 4 GHz, 8 GHz, and 12 GHz
harmonics. This power combiner would need to have power handling capabilities that would allow
for all three of the harmonics to safely pass through the device. It would also need to have low
insertion loss to minimize the output power requirement of the amplifiers for the harmonic
amplitude and phase control section
For the power combiner, I decided to use a 3-way power divider/combiner from Pulsar
Microwave. The part number of the component was PS3-50-451/11S. I chose this component
because it had a wide bandwidth of 2 – 18 GHz, which is enough the cover the 4, 8 and 12 GHz
harmonics of the HAWG electronic driver system. It also had high power handling capabilities and
low insertion loss at only 1.5 dB max in addition to the theoretical 4.8 dB loss for a 3:1
coupler/splitter.
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Figure 15: A block diagram of the harmonic combination section of the HAWG electronic driver
system with expected harmonic power levels at each circuit node. The expected harmonic power
levels were calculated by starting with the required harmonic power levels into the optical
modulator and working backwards with measured and specified component insertion losses.

Figure 15 shows the block diagram for the design of the harmonic combination section of
the HAWG electronic driver system. I calculated the required input powers for the 4 GHz, 8 GHz,
and 12 GHz harmonics to be 25.79 dBm, 21.49 dBm, and 10.55 dBm respectively.

3.1.2 Amplitude and Phase Control
The purpose of the amplitude and phase control section was to allow for tuning of the
amplitude and phase of each harmonic individually. Each amplitude and phase control section
required an amplifier, a continuously variable attenuator, and a bandpass filter. The amplitude
and phase control sections for the 8 GHz and 12 GHz harmonic also required continuously
variable phase shifters. I chose to put the amplifier at the front of each branch of the amplitude
and phase control section to optimize the noise figure of the system. The 4 GHz section did not
require a phase shifter because the 8 GHz and 12 GHz section could be tuned relative to its fixed
initial phase.
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Figure 16: Circuit topology of the 4 GHz amplitude and phase control section. This section does
not include a phase shifter because the other two harmonics are tuned relative to its fixed phase.

Figure 17: Circuit topology of the 8 GHz and 12 GHz amplitude and phase control sections.
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Figure 16 and 17 show the circuit topology for the amplitude and phase control sections.
Next, I continued to work backwards choosing components and calculating expected power so
that I would know the required output power of the amplitude and phase control section amplifier.
For the bandpass filters I would be using K&L bandpass cavity filters already owned by
my sponsoring group at the lab. I measured their insertion losses. I measured the insertion loss of
the 4 GHz bandpass filter to be 1.08 dB. I measured the insertion loss of the 8 GHz bandpass
filter to be 2.35 dB. I measured the insertion loss of the 12 GHz filter to be 2.79 dB.
Next, I needed to find a continuously variable attenuator for each harmonic. I wanted
these attenuators to have at least 10 dB of attenuation range to give ample tuning capabilities.
For the 8 GHz and 12 GHz harmonics I chose PE7065-7 from Pasternack. For the 4 GHz
harmonic I chose PE7065-2 from Pasternack. I used 5 dB as the nominal attenuation that these
attenuators would be set to so that I could have the greatest tuning range in either direction.
Next, I needed to choose continuously variable phase shifters for tuning the relative
phase of the 8 GHz and 12 GHz harmonics. Because I was interested in the relative phase
between the 4 GHz, 8 GHz, and 12 GHz harmonics, I only needed to adjust the initial phase of
two harmonics. I chose to adjust the initial phase of the 8 GHz and 12 GHz harmonics because
their shorter periods would mean less total delay in the phase shifting component. Also, the 4
GHz harmonic has the highest output power requirement and I wanted to keep the required
output of the amplifier at a reasonable level by minimizing insertion loss after the amplifier.
Finally, a system where the first harmonic has a fixed initial phase makes the most sense for
possibly changing the number of harmonics in the system at some point in the future. For the 8
GHz phase shifter I chose part number RFPSHT008W1 from manufacturer RF-LAMBDA. It had
an 8 GHz bandwidth and offers 360 degrees of phase adjustment at 8 GHz. The insertion loss of
this phase shifter was specified to be less than 1.5 dB. For the 12 GHz phase shifter I chose part
number RFPSHT0012W7 from manufacturer RF-LAMBDA. It had a 12 GHz bandwidth and
offered 360 degrees of phase adjustment at 12 GHz. Unfortunately, I was informed that
RFPSHT0012W7 had been recently discontinued and I had to instead order RFPSHT0018W7.
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This device had an 18 GHz bandwidth but only offered 240 degrees of phase adjustment at 12
GHz. I determined that the lack of full 360 degree phase control could be supplemented by
including SMA adapters for fixed delays of approximately 100 ps, or approximately 90 degrees at
12 GHz. This would allow the 240 degrees of adjustment to be suitable for this prototype. The
insertion loss of this phase shifter was specified to be less than 1.5 dB.
Finally, after determining the expected insertion loss of each passive component in the
amplitude and phase adjustment section I calculated the expected output power requirement for
the three amplifiers. This information, along with the required gain of each amplifier, would allow
me to choose an amplifier that would work for this application.

Figure 18: A block diagram of the 4 GHz branch of the amplitude and phase control section of
the HAWG electronic driver system with expected power levels at each circuit node. The
expected harmonic power levels were calculated by starting with the required harmonic power
levels into the Harmonic Combination section (Figure 15) and working backwards with measured
and specified component insertion losses. The expected input power to the amplifier could not be
calculated at this time because I had not yet chosen an amplifier and therefore did not know what
the gain would be.
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Figure 19: A block diagram of the 8 GHz branch of the amplitude and phase control section of
the HAWG electronic driver system with expected power levels at each circuit node. The
expected harmonic power levels were calculated by starting with the required harmonic power
levels into the Harmonic Combination section (Figure 15) and working backwards with measured
and specified component insertion losses. The expected input power to the amplifier could not be
calculated at this time because I had not yet chosen an amplifier and therefore did not know what
the gain would be.
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Figure 20: A block diagram of the 12 GHz branch of the amplitude and phase control section of
the HAWG electronic driver system with expected power levels at each circuit node. The
expected harmonic power levels were calculated by starting with the required harmonic power
levels into the Harmonic Combination section (Figure 15) and working backwards with measured
and specified component insertion losses. The expected input power to the amplifier could not be
calculated at this time because I had not yet chosen an amplifier and therefore did not know what
the gain would be.

Figures 18, 19, and 20 show the expected power at each point in the amplitude and
phase control section. I determined that the required outputs of the amplifiers for the 4 GHz, 8
GHz, and 12 GHz harmonics were 32.89, 32.33, and 23.48 dBm respectively. I could have
lowered the output power requirement of the amplifiers by implementing the amplification after the
passive, lossy components, but I instead opted to optimize noise figure by placing the gain as
close to the front of the system as possible. Next, I needed to design the harmonic generation
section in order to calculate what amount of gain would be required for the amplitude and phase
control section amplifiers.

3.1.3 Harmonic Generation
The next step in designing the harmonic arbitrary waveform generator that would act as
the electronic driver for the pulse picker was to design the section that would generate the three
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harmonic waveforms, one at 4 GHz, one at 8 GHz, and one at 12 GHz. It would use a single 4
GHz tone as an input signal and generate the three separate harmonics to send to the amplitude
and phase adjustment section.

Figure 21: A block diagram of the harmonic generation section of the HAWG electronic
driver system. This section of the system accepts a 4 GHz input tone and outputs the 4, 8, and 12
GHz harmonics.

Figure 21 shows the block diagram of the harmonic generation section of the harmonic
arbitrary waveform generator that will be used as the electronic driver in the pulse picker. I chose
to use a separate frequency multiplier for the generation of the second and third harmonics. An
alternative method would have been to use a comb generator before the divider and then use
bandpass filters after the divider. In systems with higher numbers of harmonics this might be the
better route, but to simplify the design and make testing easier I decided to use a separate
multiplier for each harmonic.
For the divider I planned to use the same device that I chose for the harmonic
combination section, that being the three-way power divider PS3-50-451/11S. I planned to use
this device for the same reasons I discussed before.
Next, I needed to choose the parts that I would use for the times 2 and times 3 frequency
multipliers. For the times 2 frequency multiplier I chose part number ZX90-2-50+ from Mini-
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Circuits. This device required an input power between 7 and 12 dBm and had a specified typical
conversion loss of 12.5 dBm. For the times 3 frequency multiplier I chose part number RMK-3153+ from Mini-Circuits. This device required an input power between 7 and 11 dBm and had a
specified typical conversion loss of 17.6 dBm.
For the amplifier I wanted to choose a low noise amplifier to optimize the noise figure of
the system. I decided on the amplifier with part number ZX60-83LN+ from Mini-Circuits. This
amplifier offered a low noise figure of 1.4 dB at 4 GHz and high gain of 21.5 dB at 4 GHz. I chose
this amplifier because it met the required specifications and because my mentors were already in
possession of this amplifier and it would not need to be purchased.
For the bandpass filter I would again be using a 4 GHz cavity filter from K&L that my
mentors already owned. It is the same type of filter that I used at the end of the amplitude and
phase control section for the 4 GHz harmonic.
After choosing parts I was able to calculate the required gain of the amplifiers in the
amplitude and phase control section along with the required input power level at 4 GHz.
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Figure 22: A block diagram of the harmonic generation section of the HAWG electronic driver
system with expected power level ranges at each circuit node. The expected harmonic power
levels were calculated by starting with the required harmonic power levels into the frequency
multipliers and working outwards with measured and specified component insertion losses.
Because the specified input power requirements of the frequency multipliers offer a range of input
powers, the calculated expected harmonic power levels at each node in this section also
represent a range of values.

Figure 22 shows the expected power levels at each point in the harmonic generation
section. The limiting factor for these power levels is the input power to the times 3 frequency
multiplier. From the range of the acceptable power levels into the times 3 frequency multiplier and
the specified and measured insertion and conversion losses of each component, I calculated a
range of output powers for each harmonic and a range of input powers that the clock could have.

3.1.4 Final Design
The final components that I needed to choose for the design of the harmonic arbitrary
waveform generator were the amplifiers in the amplitude and phase control section. Using the
calculated output powers of the harmonic generation section and the calculated required output
powers from the amplifiers in the amplitude and phase adjustment section, I determined that the 4
GHz amplifier needed to have a gain of at least 21.49 dB, the 8 GHz amplifier needed to have a
gain of at least 34.44 dB, and the 12 GHz amplifier needed to have a gain of at least 30.98 dB.
Using these gain values and the previously calculated required power output, I chose the
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amplifier part number ZVE-3W-83+ for the 4 and 8 GHz branches and the amplifier part number
ZVE-3W-183+ for the 12 GHz branch. These amplifiers offered high power output, each with a 3
watt, or 36 dBm, saturation power level. Additionally, these amplifiers offered high gain, each with
35 dB of typical gain. This amount of gain was higher than necessary for the 4 GHz branch, but
still below the absolute max input power to the amplifier of 20 dB. That means that for this setup,
the 4 GHz amplifier would likely be operating in a nonlinear, compressed region and if this turned
out to be a problem, I would need to insert attenuation before the amplifier to lower the amplifier
input power level.

Figure 23: A block diagram of the HAWG electronic driver system. This block diagram shows the
individual components of the Harmonic Generation, the Harmonic Amplitude and Phase Control,
and the Harmonic Combination sections.

Figure 23 shows the final block diagram for the harmonic arbitrary waveform generator
that would be used as the electronic driver for the optical pulse picker. This block diagram omits
the interconnecting SMA cables that I included for expected power calculations and only shows
the key components of the system. Now that the design of the pulse picker itself was complete, I
next needed to design the system that would test and verify the performance of the pulse picker,
as well as assist with tuning the harmonic arbitrary waveform generator.

3.1.5 Individual Component Characterization
After acquiring the components that I had decided to use in the design of the HAWG
electronic driver system I needed to characterize the components to confirm that each part was
meeting its specified operating parameters. The parameters that I was most interested in
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measuring exact values for were gain and insertion loss. Knowing the gain or insertion loss of
each component would be important for ensuring that the amplifiers were not at risk of being
overdriven. I was also interested in measuring the conversion loss of the multipliers and
maximum phase shift of the phase shifters.
I did not have access to a Vector Network Analyzer at this time, so my test set up for
measuring the gain, insertion loss, or conversion loss of the components involved an Agilent
signal generator, an Agilent Spectrum Analyzer to measure power, and a length of SMA
connectorized coaxial cable to use as a test lead. Due to the discrete frequency nature of the
HAWG, I was only interested in the frequency response at a single frequency for most
components, that being 4, 8, or 12 GHz. For components in the Harmonic Combination section I
would need to characterize losses at all three frequencies.

Figure 24: The configurations used to measure the gain of different components. By measuring
the input and output power of each component, the gain could be determined without relying on
the absolute power accuracy of the Signal Generator or the Spectrum Analyzer.
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Figure 24 shows the hardware configurations I used to measure the input and output
power for various components and determine their gain. With this relative power measurement, it
was simple to calculate an accurate small signal gain by subtracting the measured input power
from the measured output power, as long as I was well within the linear region of the device. My
measured P1dB points for the amplifiers, however, were only as accurate as the absolute power
measurement of the Spectrum Analyze. When measuring the compression points of the
amplifiers, I needed to include a high power (10 W) attenuator with the test lead to avoid
overdriving the Spectrum Analyzer. Because I included this attenuation for both the before and
after power measurements, the relative power still represented the effective gain because the
attenuation of the attenuator would subtract out.
The first components that I characterized were the amplifiers for the harmonic amplitude
and phase control section. These amplifiers were high power amplifiers and were capable of
outputting enough power to damage the instruments that I was using in the setup. They required
cautious and careful work to ensure that I did not damage them or the much more expensive
spectrum analyzer that I was using to measure their output power. The spectrum analyzer has a
max input power of 30 dBm, so I used a high-power handling attenuator to attenuate the signal
enough to measure the power with the spectrum analyzer and ensure that I was well within the
linear region of the analyzer.
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Table 4: Amplifier Gain and P1dB measured and specified values.
Amplifier

Measured Values

Specified Values

ZVE-3W-83+ #1

Gain: @4 GHz: 35.2 dB

Gain: 30 to 40 dB (35 dB typ.)

P1dB: @4 GHz: 33.1 dBm

P1dB: 33 dBm typ.

Gain: @8 GHz: 34.3 dB

Gain: 30 to 40 dB (35 dB typ.)

P1dB: @8 GHz: 32.6 dBm

P1dB: 33 dBm typ.

Gain: @12 GHz: 34.7 dB

Gain: 29 to 40 dB (35 dB typ.)

P1dB: @12 GHz: 33.8 dBm

P1dB: 34 dBm typ.

ZVE-3W-83+ #2

ZVE-3W-183+

The values all meet the provided specification for the amplifiers. My only concern was
that the gain of the 8 GHz harmonic amplifier did not meet the gain of 34.44 dB that my design
called for, but this minor qualm could be addressed by slightly reducing the attenuation of the
variable attenuator in the 8 GHz Harmonic Amplitude and Phase Control section that I assumed
would be set to 5 dB.
The next components that I characterized were the continuously variable phase shifters
for the harmonic amplitude and phase control section. The key specifications that I was interested
in measuring for these components were their insertion loss and phase shift range. To measure
their insertion loss, I used the same setup I used to measure the gain of the amplifiers, shown in
Figure 24. Measuring the phase shift range of the phase shifters was more difficult without a
Vector Network Analyzer. Using an Oscilloscope, I measured the relative phase delay range of
the phase shifters. I was not able to measure the absolute phase delay, but this data point was
not required, or specified in the datasheet.
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Figure 25: The configuration used to measure the phase adjustment of the phase shifters. By
triggering the oscilloscope on channel 2, the delta phase shift could be determined as the
measured phase shift between channel 1 and channel 2. I adjusted the phase shifters to their
minimum and maximum delay settings and measured the phase relative to the trigger. The
difference between these two measurements was the total range of phase delay.

Figure 25 shows the setup for measuring the added phase delay of the phase shifters.
By using the undelayed signal on channel 2 as the trigger, I had a reference to measure the
change in phase on channel 1 as I tuned the phase shifter. Table 5 shows the measured and
specified phase delay range for the phase shifters.
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Table 5: The measured and specified phase adjustment for the phase shifters.
Phase Shifter

Measured Phase

Specified Phase

Adjustment

Adjustment

RFPSHT0008W1

@8 GHz: 361 degrees

@8 GHz: 360 degrees

RFPSHT0018W7

@12 GHz: 243 degrees

@12 GHz: 240 degrees

The next components that I characterized were the continuously variable attenuators for
the harmonic amplitude and phase control section. Figure 24 shows the setup that I used to
characterize these components. These attenuators are controlled with a dial ranging from 1 to 20.
I measured the attenuation of the attenuators for each dial setting in increments of 1. Tables 6, 7,
and 8 show the measured attenuation of each attenuator for each dial setting that I tested. This
data showed me that the attenuation as a function of the dial setting was non-linear. This was
especially noticeable for the PE7065-7 attenuators that would be used for the 8 and 12 GHz lines.
To account for this, I increased the resolution of my sweep in some regions to better see the
effective attenuation.
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Table 6: The attenuation of the PE7065-2 attenuator that will be used in the 4 GHz branch of the
amplitude and phase control section of the HAWG electronic driver.
PE7065-2 Continuously Variable Attenuator at 4 GHz
Dial Reading

Measured Attenuation (dB)

0

0.2

1

0.25

2

0.33

3

0.46

4

0.76

5

1.26

6

2.02

7

3.06

8

4.2

9

5.52

10

6.82

11

8.33

12

9.77

13

11.78

14

14.15

15

16.26

16

18.29

17

19.54

18

19.97

18.75

19.85
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Table 7: The attenuation of the PE7065-7 attenuator that will be used in the 8 GHz branch of the
amplitude and phase control section of the HAWG electronic driver.
PE7065-7 #1 Continuously Variable Attenuator at 8 GHz
Dial Reading

Measured Attenuation (dB)

0

0.86

1

0.86

2

0.87

3

0.88

4

0.93

5

1.07

6

1.5

7

2.76

8

7.95

8.2

9.16

8.4

11.15

8.6

12.42

8.8

13.97

9

15.98

10

21.35

11

24.89

12

27.95

13

32.2

14

39.05
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Table 8: The attenuation of the PE7065-7 attenuator that will be used in the 12 GHz branch of
the amplitude and phase control section of the HAWG electronic driver.
PE7065-7 #2 Continuously Variable Attenuator at 12 GHz
Dial Reading

Measured Attenuation (dB)

0

0.52

1

0.52

2

0.53

3

0.55

4

0.61

5

0.78

6

1.29

7

2.87

7.2

3.5

7.4

4.34

7.6

5.9

7.8

9.38

8

14.87

9

29.25

10

28.6

11

29.6

12

32.35

13

38.8

14

55.5

The next components that I characterized were the bandpass filters for the harmonic
generation section and the harmonic amplitude and phase control section. I measured their
insertion losses using the setup in Figure 24. Table 9 shows their measured insertion losses of
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the bandpass filters in the HAWG. These were custom filters and I did not have the specified
insertion loss values.

Table 9: The measured insertion losses of the bandpass filters in the HAWG.
Filter

Measured Insertion Loss

4 GHz BPF

1.08 dB

8 GHz BPF

2.35 dB

12 GHz BPF

2.79 dB

The next components that I characterized were the power splitters/combiners for the
harmonic generation and harmonic combination sections. To measure the insertion loss of these
components I used the setup shown in Figure 24. For each component, I measured the insertion
loss for one of the three split ports and the one combined port. I terminated the other two split
ports with a broadband 50 ohm to ground terminator.
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Table 10: The measured and specified insertion losses of the RF Lambda power
splitter/combiner. The insertion loss is defined as attenuation beyond the theoretical loss of 4.8
dB for a 3:1 splitter/combiner.
Split Port

Measured Insertion Loss

Specified Insertion Loss

1

@4 GHz: 1.45 dB

1.5 dB max

@8 Ghz: 1.41 dB
@12 GHz: 1.43 dB
2

@4 GHz: 1.47 dB

1.5 dB max

@8 Ghz: 1.42 dB
@12 GHz: 1.45 dB
3

@4 GHz: 1.44 dB

1.5 dB max

@8 Ghz: 1.40 dB
@12 GHz: 1.43 dB

The next component that I characterized was the low noise amplifier for the harmonic
generation section. To measure the insertion loss of this amplifier I used the setup shown in
Figure 24. Table 11 shows the measured and specified gain values for the low noise amplifier in
the Harmonic Generation section.

Table 11: The measured and specified gain values for the low noise amplifier in the Harmonic
Generation section.
Amplifier

Measured Gain

Specified Gain

ZX60-83LN+

@4 GHz: 21.66 dB

@4 GHz: 21.5 dB

After characterizing the insertion and conversion losses of each component in the
HAWG, I confirmed that each component was operating within its specifications and should work
properly in the fully assembled system.
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Chapter 4
DIAGNOSTIC SYSTEM DESIGN
To operate and characterize the Optical Pulse Picker using a HAWG Electronic Driver, I
needed to design separate electrical and optical additions to measure and record additional
diagnostic information. The additions composed what I will be referring to as the diagnostic
system. The diagnostic system was designed to achieve two objectives. The first objective of the
diagnostic system was to assist with tuning of the HAWG Electronic Driver and optical modulator.
The second objective of the diagnostic system was to evaluate the performance of the Optical
Pulse Picker using a HAWG Electronic Driver by measuring the extinction ratio and Drift
Tolerance of the Pulse Picker.

4.1 Pulse Picker Extinction Ratio Measurement
The first objective of the diagnostic system was to measure the extinction ratio of the
pulse picker. To achieve this, I designed the diagnostic system to supply the pulse picker with the
4 GHz electrical tone that it requires, and to send a 1 GHz optical pulse train through the optical
modulator of the pulse picker and measure the pulse power before and after the modulator.
Because 1 GHz is an integer divisor of 4 GHz, transmission of the optical pulse picker at any
single point along the electronic waveform can be measured. Each pulse of the 1 GHz pulse train
will align with the same periodic point on the 4 GHz driver waveform. The diagnostic system uses
an optical delay line to vary the timing between the optical pulses and the electronic driver
waveform. Finally, the diagnostic system uses a power splitter before and after the optical
modulator of the pulse picker to measure the insertion loss of the pulse picker which is used to
calculate the extinction ratio of the pulse picker.
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4.1.1 Pulse Picker Extinction Ratio Measurement Hardware

Figure 26: A block diagram of the pulse picker with the extinction ratio measurement section of
the diagnostic system. Everything outside the green dotted-line box are components of the
extinction ratio measurement section of the diagnostic system.

The objectives of the extinction ratio measurement section of the diagnostic system were
to provide an optical pulse train to the input of the optical modulator with a pulse repetition
frequency at an integer divisor of 4 GHz, provide an electronic tone at 4 GHz to the clock input of
the pulse picker, and measure the power at the input and the output of the optical modulator of
the pulse picker.
To measure the transmission of the pulse picker at a single point on the electronic driver
waveform I decided to provide the input to the pulse picker with an optical pulse train at an integer
divisor of 4 GHz. This would cause each pulse to correspond to the same periodic point on the
fundamental 4 GHz electronic driver waveform. The lab I was working in had a 1 GHz pulse
frequency, fiber-coupled laser that I used for this purpose. A 4 GHz pulse frequency laser would
have also worked.
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The next objective of the diagnostic system was to provide a 4 GHz tone to the clock
input of the pulse picker. To accomplish this, I used an optical power coupler to send some of the
power from the 1 GHz laser to a photodetector. I used a dispersive fiber module to widen the
pulse before it entered the photodetector, thus reducing the amplitude of the harmonics above 1
GHz out of the photodetector that would be filtered out. I filtered the electronic output of the
photodetector with a 1 GHz cavity bandpass filter. I then amplified the signal up to the required
input level for a times 4 frequency multiplier. This frequency multiplier provided a 4 GHz electrical
signal at -4 dBm that was fed to the clock input of the pulse picker.
To measure the power before and after the pulse picker I used a 90:10 ratio optical
power splitter, each leading to an optical power meter. By measuring the input and output power
of the pulse picker I calculated the transmission of the pulse picker.
Finally, by varying the timing of the variable optical delay line and measuring the
transmission of the pulse picker for each delay setting, I created a plot of the effective driver
waveform acting on the Mach-Zehnder modulator. From this plot of transmission vs. optical delay
I calculated extinction ratio and drift tolerance just like with my simulated waveforms.

4.2 Tuning
The pulse picker and diagnostic system was composed of seven knobs that could be
tuned to optimize performance. The HAWG electronic driver had five of the tunable
characteristics, the optical modulator had one, and the diagnostic system had one. The five in the
electronic driver were the three harmonic amplitude-adjustment knobs in the form of the
continuously variable attenuators on each harmonic branch, and the two phase-adjustment knobs
in the form of two continuously variable phase shifters; one for the 8 GHz harmonic branch and
one for the 12 GHz harmonic branch. The one tuning knob in the optical modulator was the DC
bias voltage that was controlled by a DC power supply. The one tuning knob in the diagnostic
system was the variable optical delay line to control the timing between the HAWG and the
optical pulses. To ensure that tuning would be possible, I needed to include new diagnostics to
monitor the amplitude and phase of the harmonics. Additionally, I needed to develop a procedure
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that would allow for the proper DC bias of the MZM and optical time delay of the variable delay
line to be set.

4.2.1 HAWG Tuning Diagnostics

Figure 27: A block diagram of the pulse picker with the diagnostic system. The components in
the red box are required for tuning the HAWG electronic driver.

Figure 27 shows the pulse picker with the diagnostic system components. In the red box
are components added to the diagnostic system to support tuning the waveform from the HAWG
electronic driver. Two 20 dB taps are used to monitor the electronic signal. The first tap leads to a
20 GHz analog bandwidth oscilloscope that was used to monitor the relative phase of the three
harmonics. I measured the phase delay of the taps and found that they had a linear phase delay.
The shape of the waveform measured by the oscilloscope would be the same as the waveform
going to the MZM because each harmonic would experience the same time delay through the

60

taps. The second tap lead to a spectrum analyzer that I used to measure the power level of each
harmonic individually.
My initial power calculations did not account for the added insertion loss of these taps to
monitor the output of the HAWG electronic driver. I measured the insertion loss of the taps to be
0.8 dB at 4 GHz, 1.1 dB at 8 GHz, and 1.3 dB at 12 GHz. Because I chose amplifiers with high
saturation power levels and designed each branch of the HAWG electronic driver amplitude and
phase adjustment section to have 5 dB of attenuation nominally, I determined that I would not
need to redesign any part of the HAWG electronic driver to include the taps to monitor the output
waveform of the driver.

4.2.2 Tuning Procedure
After installing the required hardware for monitoring the output of the HAWG electronic
driver I needed to develop a procedure for tuning the pulse picker. The tuning of the pulse picker
was done in two parts. The first part was tuning the shape of the electronic driver waveform from
the HAWG electronic driver and required monitoring the output of the electronic driver while
tuning the attenuation and phase delay on each harmonic of the HAWG electronic driver. The
second part was tuning the DC bias of the MZM and required monitoring the transmission of the
pulse picker while tuning the DC bias voltage and electrical to optical delay.
The first step to tune the pulse picker was to tune the output of the HAWG electronic
driver. To accomplish this required using the two 20 dB taps on the output of the electronic driver
before the Mach-Zehnder modulator. First, the amplitude of the three harmonics from the
electronic driver was tuned to the proper power level calculated in chapter 2. This was done by
monitoring the power of each harmonic as measured by the electronic spectrum analyzer. After
tuning the amplitude of the harmonics, the relative phase of each harmonic could be tuned. It was
necessary to tune the amplitude of each harmonic before the phase of each harmonic because
the phase shift of the continuously variable attenuators changed with their attenuation setting. To
tune the relative phase of the harmonics I used the oscilloscope. I measured the phase response
of the splitters and cables between the oscilloscope and electronic input of the MZM and found it
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to be linear with respect to frequency. Because the phase response was linear with respect to
frequency, the relative harmonic phases, as measured by the oscilloscope, were the same as the
relative harmonic phases into the optical modulator. By adjusting the phase of the harmonics until
the waveform on the oscilloscope was symmetric, I ensured that the harmonics were in the
proper phase orientation at the electronic input to the MZM.
The second step to tune the pulse picker was to set the DC bias voltage to the proper
level so that the points on the driver waveform that corresponded to the blocked pulses received
as much attenuation as possible. To accomplish this, I first set the DC bias voltage of the MachZehnder modulator to 8.17 V, which was the value that I calculated should minimize the
transmission at the blocked points of the electronic driver waveform. After setting the initial DC
bias voltage I swept the timing of the optical pulses relative to the electronic driver waveform to
find the peak transmission point. I made sure that it was a global maximum and not a local
maximum to confirm that the electronic driver waveform was not wrapping around the sinusoidal
transfer function of the Mach-Zehnder modulator. If I had determined that the transmission of the
Mach-Zehnder was wrapping, I would have reduced the DC bias voltage of the Mach-Zehnder
modulator. After finding the point with maximum transmission, I incremented the optical to
electronic timing by 83.3 ps so that I was then monitoring the transmission of the pulse picker
corresponding to the first blocked pulse. I then adjusted the DC bias of the Mach-Zehnder
modulator to minimize the transmission at this point. I then incremented the optical to electronic
delay by another 83.3 ps to minimize the transmission of the second blocked pulse. Ideally, the
same DC bias voltage should minimize both blocked points. I had to increment back and forth
between the first and second blocked points while tuning the DC bias to minimize the pulse picker
extinction ratio. To optimize the extinction ratio of the pulse picker, it is more important to have
low transmission on the blocked pulses, rather than high transmission on the passed pulses.
Once the transmission of the blocked pulses was minimized, tuning of the system was complete.
If after completing these steps I wished to tune the driver waveform shape by adjusting the
amplitude or phase of the harmonics, I needed to re-optimize the extinction ratio by retuning the
DC bias to minimize the transmission of the blocked pulses.
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Chapter 5
RESULTS
After investigating how effective a waveform with a limited number of harmonics could be
as an electronic driver for a pulse picker, choosing a number of harmonics and picking ratio that
we wanted to build, designing the electronic circuit to synthesize the required harmonics, and
designing an optical system to characterize the operation of the optical pulse picker, it was time to
assemble the system and test its functionality. To find these results I would first tune the system
following the procedure that I described in part 4.2.2 using the harmonic amplitudes that I
calculated with my matlab simulations. After tuning the system for these initial amplitudes, I
measured the extinction ratio of the pulse picker and plotted the transmission of the MZM over
time by sweeping the optical to electronic timing to see the drift tolerance of the configuration.
Next, I made use of the main advantage that the HAWG electronic driver offers and tuned the
waveform further to see if I could further improve the extinction ratio of the pulse picker beyond
what my theoretically calculated waveform could achieve. After performing the second stage of
tuning to optimize the system, the system was in a configuration that optimized extinction ratio.
Figure 28 shows the complete pulse picker setup on a lab bench.
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Figure 28: The complete pulse picker setup on a lab bench. This picture shows an earlier version
of the diagnostic system that utilized a 250 MHz PRF laser and is not described in this paper. It
included an additional electrical power tap between the HAWG and the optical modulator for an
electrical power meter. The HAWG is pictured and unchanged with the general signal flow
moving from the background to the foreground.

5.1 Initial Tuning
The initial amplitude values that I first used to tune the system are shown in Table 3.
These values are 18.31 dBm for the first harmonic, 13.48 dBm for the second harmonic, and 4.79
for the third harmonic. I measured the loss of the HAWG driver tuning system from the electronic
spectrum analyzer to the MZM and found that I needed the harmonic powers, as measured by
the electronic spectrum analyzer in the diagnostic system, to be -5.56 dBm, -13.22 dBm, and 21.06 dBm, respectively. After tuning the amplitude of the harmonics, I next tuned the relative
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phase of the harmonics. Figure 29 shows the electronic waveform into the MZM as measured by
the oscilloscope in the HAWG driver tuning system.

Figure 29: The electronic driver waveform as measured by the oscilloscope in the HAWG
electronic driver tuning system for the initial tuning configuration. The amplitude of the harmonics
into the optical modulator were 18.31, 13.48, and 4.79 dBm, respectively. The relative phase of
each harmonic into the optical modulator relative to the 4 GHz harmonic was 0 radians.

The markers in Figure 29 show the locations that pulses in a well-timed system would
appear. Ideally, the first and second markers would be at the exact same amplitude, but here we
see they are about 4 mV different. This would cause a loss of extinction ratio because if the DC
bias was optimized for the extinction of one point, the other point would not be optimized. The
waveform slightly levels off near where the blocked pulses will be located, but not to the extent
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that I was anticipating. Next, I tuned the DC bias level to minimize the transmission of the first
blocked point. I then swept the timing between the optical pulses and the electronic driver
waveform and plotted the output power from the pulse picker.

Figure 30: Measured transmission of the MZM vs. time for the initial tuning electronic driver
waveform. The x-axis represents the delay of the variable optical delay line. The markers indicate
the timing that each pulse in a 12 GHz pulse train would see in a well-timed system.

Figure 30 shows the measured transmission of the MZM vs time for the initial tuning of
the electronic driver waveform that was tuned based on the calculated harmonic amplitudes from
my simulations. The DC bias applied to the MZM for this configuration was 8.57 V. The extinction
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ratio of this transmission plot if the incident optical pulses aligned with the markers was 21.95 dB.
If the timing of the input pulse train was delayed by an additional 17 ps, the passed pulse would
no longer have max transmission, but due to the reduced transmission of the blocked pulses the
extinction ratio of the system would increase to about 25.5 dB.

5.2 Final Tuning
Next, I tuned the electronic waveform further to optimize the extinction ratio, rather than
tuning based on my theoretical harmonic amplitudes and phases. While tuning the DC bias
voltage for the initial tuning configuration, I saw that the peak transmission I could achieve was
-9.37 dB, so I increased the amplitudes of the harmonics to -5.56 dBm, -9.82 dBm, and -16.35
dBm respectively. I also tuned the relative phase of the harmonics to move the minimum points of
the MZM transmission to the points in time that will correspond to the pulses I want to block.
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Figure 31: The electronic driver waveform as measured by the oscilloscope in the HAWG
electronic driver tuning system for the final tuning configuration. The amplitude of the harmonics
into the optical modulator were 18.28, 16.91, and 9.41 dBm, respectively. The relative phase of
each harmonic into the optical modulator relative to the 4 GHz harmonic was not precisely
measured with the HAWG tuning system, but they were non-zero.

The markers in Figure 31 show the locations that pulses in a well-timed system would
appear. It is interesting that this waveform produced the best extinction ratio that could be
achieved despite the different voltage levels of the blocked pulse points. The fact that the blocked
pulse points are not at the same voltage level shows that this waveform is not the same shape as
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what is controlling the transmission of the MZM. It is likely that the MZM electronic driver input
does not have a linear phase delay as a function of frequency, and thus the relative phases of the
harmonics are slightly skewed by an unknown amount. This also explains why I needed to
increase the amplitude of the harmonics to achieve higher transmission for the passed pulse.

Figure 32: Measured transmission of the MZM vs. time for the final tuning electronic driver
waveform. This waveform represents the best extinction ratio for the pulse picker that I was able
to achieve: 30.04 dB.

Figure 32 shows the measured transmission of the MZM vs time for the final tuning of
the electronic driver waveform that was tuned to optimize the extinction ratio of the pulse picker.
The DC bias applied to the MZM for this configuration was 8.63 V. The extinction ratio of this
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transmission plot is 30.04 dB. From this plot multiple zero crossings of the transfer function can
be observed.

5.3 Analysis of Results
There are three main interesting results that can be observed from the final measured
transmission in Figure 32. First, the insertion loss of the MZM was larger than the expected
insertion loss found in the specification sheet. Second, the extinction ratio of the MZM was less
than the expected extinction ratio found in the specification sheet. Finally, the points in time on
the MZM transmission plot that corresponded to well-timed pulses seemed to occur
asymmetrically with respect to the shape of the plot.
The specification sheet of the MZM indicated that the insertion loss should not be more
than 4 dB. I measured the insertion loss of the MZM to be 9.65 dB. There were two possible
explanations for this discrepancy. The first was that the amplitude of the electronic driver
waveform acting on the optical signal in the phase shifter of the MZM had a peak to peak voltage
less than the Vπ of the modulator. While I chose my harmonic amplitudes to achieve a peak to
peak voltage slightly higher than the Vπ of the modulator for each frequency, it was possible that
the unknown nonlinear phase shift of the electronic driver harmonics was lowering the combined
peak to peak voltage of the waveform. Another possible explanation was that the polarization
extinction ratio of the optical signal entering the MZM was not high enough and was therefore
limiting the effectiveness of the phase shifter that required a specific polarization. If power was
lost in the phase shifter of the MZM, when the two arms of the interferometer recombined the
output power of the MZM would have increased insertion loss. In my experimental setup I was
relying on the PER of PM fiber to achieve a high enough PER to not limit the insertion loss. A
possible solution would be to implement a polarization controller before the optical input to the
MZM.
The specification sheet of the MZM indicates that the extinction ratio should be at least
40 dB. To rule out the quality of the electronic driver being the limiting factor of the reduced
extinction ratio, I terminated the driver input to the MZM with a 50 ohm termination. I then varied
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the DC bias of the MZM to measure the extinction ratio of the MZM with no electronic driver. I
found the extinction of the MZM in this configuration to be 30.35 dB. Therefore, the extinction
ratio of the pulse picker was not being limited by the electronic driver. It was most likely that the
extinction ratio of the pulse picker was being limited by the PER of the optical signal into the
MZM. In my experimental setup, I was relying on the PER of PM fiber to achieve a high enough
PER to not limit the insertion loss. A possible solution would be to implement a polarization
controller before the optical input to the MZM.
The plot of the MZM transmission shows that the points achieving high extinction ratio
are not symmetric with respect to the MZM transmission vs. time plot. The first blocked point
occurred at the first zero crossing of the transfer function while the second blocked point occurred
at the second to last zero crossing point of the transfer function. The first blocked point being at
the first zero crossing point was the limiting factor on the drift tolerance of the pulse picker.
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Chapter 6
CONCLUSION
The objectives of this investigation into an alternative method of pulse picker electronic
driver waveform synthesis were to determine if a suitable waveform for pulse picking could be
synthesized using a limited number of harmonics, to build a pulse picker using this new electronic
driver waveform generating method based on the results of my simulations of potential
waveforms, and to characterize the performance of the pulse picker with a custom optical pulse
picker characterization system. Overall, we were interested in the feasibility of this technique for
pulse picker electronic waveform synthesis. We evaluated the effectiveness of the pulse picker by
measuring the extinction ratio and drift tolerance of the pulse picker.
The first results I discovered were that suitable waveforms for pulse picking could be
synthesized to pick at high picking ratios with high extinction ratio and drift toelrance. I reached
this conclusion by summing together harmonics in matlab and calculating the expected extinction
ratio and drift tolerance that the resulting waveform might achieve. I converted the electronic
waveforms synthesized in matlab into plots of the optical modulator transmission over time by
converting the voltage waveform into transmission using the ideal transmission equation for the
optical modulator. When calculating the expected optical power out of the optical modulator, I
approximated each optical pulse as a delta function. With these estimates I determined that a
suitable driver waveform could be synthesized with a reasonable number of harmonics and
decided on a picking ratio that I would design a system to support.
The next objective was to design a three harmonic HAWG with a 1/3 picking ratio for a 12
GHz input pulse repetition frequency. I was able to design a system that could synthesize the
best waveform from my simulations by controlling the amplitude and relative phase of each
harmonic. I designed the system to optimize the noise figure of the system by using an initial low
noise amplifier and placing additional gain as close to the input of the system as possible.
The final objective was to construct the system and measure the extinction ratio of the
pulse picker. To measure the extinction ratio of the system I designed and built a custom optical
system that would allow for me to measure the transmission of the pulse picker for individual
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points on the transmission curve. By adjusting the optical to electronic timing, I plotted the
transmission of the pulse picker’s optical modulator over time and calculate the extinction ratio
and relative drift tolerance.
I have determined that this concept for an electronic driver of a pulse picker is viable.
Digital electronic drivers excel in ease of use at low repletion rates, but when the repetition rates
reach 10s of gigahertz it seems that the added complexity of a HAWG electronic driver is worth
the tuning capabilities it offers to achieve high extinction ratio and high picking ratios.

6.1 Further Work
There are some additional characterizations that I would like to perform for a HAWG
driven pulse picker that I was not able to perform during my time working on this investigation for
LLNL. These data points would be very informative in assessing the effectiveness and efficiency
of this pulse picker topology.
The first experiment that would be valuable would be to investigate how much the system
drifts over time. Specifically, I would want to measure how long the system can maintain high
performance after tuning is complete. The longer the system can maintain high performance, the
more practical the system may be. If retuning is required every couple of hours, the system would
be much less desirable as a component in larger systems. In my experiments, I saw consistent
performance for about 1 hour after tuning, but I did not test for longer durations than this without
retuning. If I was to perform this investigation, I would want to test the performance of the pulse
picker days, weeks, and even months after tuning the system.
The next additional work that I would like to perform on the system would be to include a
polarization controller and a polarizing filter before the optical modulator. I determined that the
extinction ratio I achieved was limited by the polarization extinction ratio of the polarization
maintain fiber that I was using. If I had included a polarizing filter before the optical modulator, the
extinction ratio of the optical modulator would have improved the 40 dB indicated in the modulator
data sheet. This would have allowed me an additional approximately 10 dB of dynamic range for
measuring the pulse picking extinction ratio due to my electronic driver. Additionally, a

73

polarization controller before the polarizing filter would have minimized the optical power lost due
to the filtering of the polarizing filter.

6.2 Final Thoughts
Overall, this system offers unique advantages for high speed optical pulse picking. The
ability to actively tune the system in real time to maximize extinction ratio is something that no
other pulse picker at this speed offers. The system is laborious to set up and utilize, but when
high picking speed and performance is required, this seems to be an effective technique with a
great deal of potential.
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